Abstract. New particle formation via secondary gas-to-particle conversion processes over the oceans is one of the main mechanisms controlling the marine aerosol number population; however, despite extensive effort over the years, this phenomenon is still not well quantified. Coastal new particle formation events are more frequent than open ocean events and consequently have been studied in greater detail. This review article summarizes the recent studies into coastal new particle formation events and summarizes the linkage of these events to iodine emissions and ultimate particle formation via iodine oxide nucleation processes. The current state of knowledge may be summarized by concluding that, in general, coastal nucleation events are driven by biogenic emissions of iodine vapours that undergo rapid chemical reactions to produce condensable iodine oxides leading to nucleation and growth of new particles. The primary source of the condensable iodine vapours is thought to be molecular iodine (I 2 ). The role of iodine oxides in open-ocean new particle production still remains an open question and is the most pressing next step to undertake.
Introduction
Natural new particle formation via gas-to-particle conversion is an important process determining the concentration of atmospheric aerosols, and ultimately, the concentration of cloud condensation nuclei. [1] Although there have been many studies of new particle formation in pristine environments, the most studied new particle formation process has been that observed in the coastal environment. Coastal new particle formation events have been observed more frequently than other new particle events over the ocean, possibly in part because of the more frequent measurements undertaken at coastal stations compared to that over the ocean and partly because of the greater intensity and frequency of these events resulting from increased biological activity in coastal regions.
A few locations have been identified as possibly important boundary layer sources of natural biogenic aerosols: the most obvious are over forests, [2, 3] where biogenic volatile organic compounds emissions are high, and around coastal regions during exposure of shore biota directly to the atmosphere during low-tide conditions. [4, 5] Coastal nucleation events might occur in most coastal environments. This is certainly true, at least, in western Europe, with frequent observations of particle production events being observed around the Scottish, [6, 7] Irish, English and French coastlines. [8] Furthermore, coastal nucleation has been observed in the southern hemisphere around the Antarctic coastline [9] and in the Tasmania coastal region. [10] 
New Particle Formation Processes, Nucleation and Growth
The first step of new particle formation is typically homogeneous nucleation of condensable vapours to form a critical cluster of the order of 0.5 nm in size and comprizing of the order of tens of molecules. [11] Clusters are forming continuously in the atmosphere; however, if they do not reach the critical cluster size, they will evaporate, whereas if they do form at the critical size, they will continue to grow via condensation processes. Under atmospheric conditions, it has long been considered that sulphuric acid and water are the two most likely species to drive nucleation but the conditions for such binary nucleation to occur are limited to low temperatures and high concentrations of sulphuric acid-typically higher than that encountered in the lower troposphere or boundary layer. The most recent studies show that the addition of ammonia to this system (ternary nucleation) is likely to result in nucleation occurring under most atmospheric conditions and is likely to be ubiquitous in space and time. [11] Although significant advances have been achieved in understanding the ternary nucleation of H 2 SO 4 -H 2 O-NH 3 , it is clear from atmospheric measurements of aerosol properties that new particle formation does not necessarily result from the occurrence of nucleation. This has led us to the decoupling of nucleation from particle formation. Particle formation is somewhat operationally defined since we cannot measure nucleated clusters and the smallest particle size that can be measured is of the order of 3 nm. Although models predict the relative ease with which ternary nucleation can occur, they cannot predict subsequent growth of the nucleated clusters to aerosol sizes of 3 nm, since there is apparently sufficient sulphuric acid availability to nucleation but insufficient availability to grow the clusters to 3 nm particle sizes. This leaves two options: either the clusters are scavenged by the pre-existing aerosol population through coagulation; or an additional condensable vapour is required to contribute to the growth after nucleation has occurred. For example, this can occur through the activation of sulphate clusters in a super-saturated organic vapour field in the same way that water clouds are produced by the activation of aerosol nuclei in a super-saturated water vapour field. Of course, if there is a sufficient source of another condensable vapour that can both nucleate and provide sufficient additional condensable vapours for continued growth into aerosol sizes, then the nucleation and particle formation system would be totally coupled.
Physical Characteristics of Coastal New Particle Events
The most studied coastal nucleation events have been at the Mace Head Atmospheric Research Station in the North-east Atlantic, and the most comprehensive study was under the PARFORCE (New Particle Formation and Fate in the Coastal Environment) project, [5] which assembled a large team of European researchers into a specifically focused research project aimed at elucidating the coastal nucleation process. At Mace Head, it was observed that when air had advected over exposed tidal areas under conditions of solar radiation, massive aerosol production events were observed with the produced aerosol residing in the sub-10 nm size range. Figure 1 illustrates the mean hourly average particle concentration at sizes larger than 3 nm for a 3-month period. Particle concentration is significantly increased almost on a daily basis, reaching concentrations in excess of 40 000 cm 3 . This aerosol increases coincide with the low-tide mark during daylight hours. Figure 2 expands on a typical case encountered during the PARFORCE campaign. The minimum in the tidal height (low tide) occurred around 08:00 hours and prior to low tide, the background aerosol concentration was typical of clean marine levels at 500 cm −3 . When low tide occurs, the particle concentration, over a period of a couple of hours, increases to in excess of 10 6 cm −3 and then slowly decreases back to the background levels as the tide height increases again. Also shown on the figure is the concentration of sulphuric acid and J(O( 1 D)) as a measure of photochemical activity. What is clear is that the peak in particle concentration occurs a number of hours before the peak in sulphuric acid concentration suggesting that sulphuric acid is not driving the process. The maximum sulphuric acid concentration observed was of the order of 6-7 × 10 6 molecules cm −3 , whereas during the peak aerosol production period, the acid concentration was less than 2 × 10 6 molecules cm −3 . These results suggest that sulphuric acid is not driving the nucleation and growth process; however, it appears that the increased condensation sink associated with the increased surface area of the new particles seems to lead to a 'local' depletion of the acid vapour, which would indicate that sulphuric acid may contribute to the particle growth after the fact.
Size distributions observed during the events clearly indicate that the increased concentrations are the result of a 'nucleation' mode typically at sizes smaller than 10 nm. Figure 3 illustrates the observed size distributions taken for different classification of events. [12] Type I events are those where the air has advected over a source region 100 m upwind of the station; type II events are those where air has advected over multiple source regions between 0.1 and 10 km; and type III events are typically continentally-influenced air that has advected over tidal regions about 3-5 km from the station. Also shown is the typical bi-modal (Aitken and Accumulation mode) background marine distributions. The peak in the nucleation mode occurs between 3 and 5 nm for type I events and between 5 and 10 nm for type II and III events, resulting from the longer growth times associated with type II and III conditions. Dal Maso (2002) , [13] using a novel analytical tool (using the measured aerosol micro-physical changes to determine the required nucleation rate, condensable vapour concentration and condensable vapour source rate), calculated growth rates for these events and found the nucleation mode growth rate to be of the order of 15-180 nm hour −1 and that estimated concentration of 1 nm particles was of the order of 4 × 10 4 -7 × 10 6 cm −3 with a source rate of 300-10 000 cm −3 s −1 .
Chemical Characteristics of Coastal Aerosols
Quantification of the chemical characteristics of coastal nucleation mode aerosols provides a significant challenge to current experimental methods and analytical techniques owing to the difficulties in separating the nucleation mode from the background aerosol and analyzing such small amounts of aerosol mass. Nevertheless, two techniques were applied during PARFORCE: (1) separation of nucleation mode particles and evaluating their hygroscopic growth response to increasing humidity fields; [14] and (2) electrostatic-precipitation of the nucleation mode to TEM stubs followed by subsequent X-ray dispersive analysis. [15] The hygroscopic growth factor is an indirect method to estimate the chemical composition of aerosols since standard aerosol species such as ammonium sulphate and sea-salt have well-known growth factors. For sub-10 nm particles, the growth factor resulting from an increase in relative humidity from 40 to 90% is greater than 1.4 (see [14] for exact figures as a function of particle size and composition). Figure 4 shows the growth factor (GF) for the nucleation event displayed in Fig. 2 . It is seen that at the start of the event, the GF is of the order of 1.1, which indicates a very low solubility in water. Such low growth factors rule out sulphate salts and sea-salt and point to a nucleating species with a low affinity to water. What is interesting to note is that the GF increases around the same time there is an apparent reduction in sulphuric acid concentration, as discussed in Fig. 2 . This provides additional evidence that sulphuric acid does not appear to be driving the nucleation to aerosol-formation step of the process, but can contribute to the further growth thereafter, as evidenced by the coincident increase in GF to 1.3. [15] separated 6-8 nm particles onto a TEM stub for subsequent X-ray dispersive analysis and found that the particles contained iodine in all samples and sulphur in most. In the same study, they measured the biogenic halocarbon emissions from various types of seaweeds encountered in the coastal region and they found strong emissions of CH 2 I 2 from Fucus vesiculosus in particular. CH 2 I 2 [16] and IO [17] were also observed at Mace Head and these species had a peak concentration at low tide and minimum concentration at high tide. The tidal cycle of the iodo-vapours, aerosol formation events, the direct emission measurements from algae cuvette experiments, combined with the finger printing of iodine in the nucleation mode aerosols tentatively provided a link between the emission and subsequent photo-oxidation of CH 2 I 2 and formation of coastal particles through a mechanism involving iodine.
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Estimates of Precursor Vapour Concentration, Source Rates and Particle Formation Rates
Without knowledge of the main vapour responsible for nucleation and growth and without the ability to measure nucleation rates, two theoretical approaches were taken to elucidate these issues. The first was an evaluation of the nucleation potential of sulphuric acid, based on observed acid concentrations and using an improved ternary nucleation model. [18] Kulmala et al. [18] found that for sulphuric acid concentrations of 0.5-5 × 10 7 cm −3 (i.e. the typical concentrations occurring during production events) and ammonia concentrations of 5-25 ppt (1.28-6.38 × 10 8 cm −3 ), the nucleation rate was predicted to be of the order of >10 8 cm −3 s −1 . Although the limitation of classical nucleation modes must be recognized (i.e. they can sometimes produce unrealistically high nucleation rates of >10 10 cm −3 s −1 ), this study clearly suggested that sulphuric acid nucleation was highly likely to be occurring, particular at elevated sulphuric acid concentrations. However, although it could be argued for some events that sulphuric acid nucleation was playing a role, there were many events occurring during periods of very low sulphuric acid production (i.e. dawn and dusk). The main result is that even if sulphuric acid is not driving the particle production, it most likely can, for a large majority of the event cases, provide sufficient thermodynamically stable sulphate clusters for additional vapour to condense on.
The second approach involved utilizing the AEROFOR aerosol nucleation and dynamics model to reproduce the observed aerosol size distributions during the nucleation events with the objective of given an estimate of the vapour precursor concentration and source rate required to explain the observations. [19, 20] O'Dowd et al. [19] first concluded that sulphuric acid could not account for the observations and invoked the necessity of an additional fourth species 'X'. Pirjola et al. [20] further developed this approach using an additional generic condensable vapour in an attempt to explain the observations. For the strongest events, the criteria that the model simulations [20] had to meet was that after 25 s from the source region, the total concentration at sizes larger than 3 nm had to be 200 000-1 000 000 cm −3 and the concentration of particles larger than 20 nm had to be within the range 9000-10 000 cm −3 . During the simulations, the model was initiated with nucleation parameterization based on ternary sulphuric acid nucleation and an additional generic biogenic condensable vapour source rate was added. For the range of conditions, it was found that a nucleation rate of 3 × 10 5 -3 × 10 6 cm −3 s −1 was required and that the condensable vapour source rate needed to be of the order of 5 × 10 7 cm −3 s −1 , leading to a condensable vapour concentration of the order of 6 × 10 9 cm −3 . The conclusions from these modeling studies were that sulphuric acid concentrations could explain the nucleation of sufficient stable seed clusters to produce the number concentration associated with such events; however, there was typically three orders of magnitude too low sulphuric acid availability to explain the growth of these clusters to detectable particle sizes (typically of 3 nm). Ruling out sulphuric acid as the driver, and given that organic vapour production is also significantly lower than the required production rates, the focus narrowed on investigation of iodine emissions as the possible explanation of the phenomenon.
Laboratory Studies
As mentioned above, algal emission studies showed that CH 2 I 2 was the most abundant single iodine-containing compound released by macroalgae in the region. Further, gas-phase ambient air measurements of CH 2 I 2 indicated a tidal cycle with peak concentrations of the order of 1 ppt. [16] In addition to a tidal signal being observed for CH 2 I 2 , as mentioned above, a known oxidation product, iodine monoxide (IO) was also observed at Mace Head, possessing also a tidal cycle with the peak concentrations occurring during low tide. Combining the available knowledge that iodocarbons are readily emitted from macroalgae, that a tidal cycle is observed in both CH 2 I 2 and IO and that iodine was identified in all nucleation mode particles analysed by TEM analysis, that the hygroscopic growth factor indicated an insoluble substance and, finally, that sulphuric acid concentrations were insufficient to explain the events, the iodine system was highlighted for examination in the context of particle production. [21] conducted laboratory experiments on the aerosol formation potential of CH 2 I 2 using CH 2 I 2 concentrations of the order of 4-17 ppb. They found the occurrence of rapid particle production in the presence of O 3 and mass spectrometry analysis of the produced aerosol indicated iodine oxide fragments in the form of [ was rapidly photolysed and that a series of reactions with ozone and IO self reaction led to the production of OIO, which, in turn, self reacted to from the condensed particulate phase. They proposed the following reactions:
Hoffmann et al. (2001)
The self reaction of OIO to produced polymers was suggested as the nucleation mechanism following:
This polymeric structure has a characteristic low solubility in many solvents including water, thus is corroborated by the growth-factor measurements also indicating low solubility. The laboratory studies of [21] were repeated in a more comprehensive manner by Jimenez et al. (2003) [22] at the Caltech Smog Chamber facilities. The Caltech studies were conducted over a broader range of CH 2 I 2 concentrations including down to near atmosphere levels of 15 ppt.They confirmed the particle production system involving CH 2 I 2 and that a combination of solar radiation and ozone was required for particle production to proceed. An example of one of the chamber experiments is shown in Fig. 5 , where total number concentration, measured by condensation particle counters (CPC) at sizes larger than 3 and 10 nm are shown along with particle concentration larger than 25 nm measured by a scanning electrical mobility sizer (SEMS). Also shown is total volume from the SEMS system and total aerosol mass larger than 40 nm derived from an aerosol mass spectrometer (AMS). After the inception of photolysis, a rapid increase in concentration larger than 3 nm is seen, and progressively later, similar increases are seen in the 10 nm and 25 nm sizes. After the initial burst, reaching a concentration of almost 1 × 10 7 cm −3 , the concentration rapidly falls again (due to coagulation) and aerosol mass continues to rise for a number of hours. Hygroscopic growth studies revealed a similar picture to that seen at Mace Head [14] in that during the 'dry' chamber experiment, no growth was seen; however, during the 'wet'humidified experiment, reverse growth down to GF = 0.65, indicative of a collapse of the particles, was observed followed by a recovery of the GF from 0.65 back up to 1. The aerosol composition was also measured using the Aerodyne AMS and the resultant fragments are illustrated in Fig. 6 . The main fractions were indicative of iodine oxides and/or oxy-acids. These results confirmed more conclusively than the previous studies that iodine oxides, derived from CH 2 I 2 , result in particle formation. Additional analysis of the aerosol microphysics concluded that under dry conditions, the particles formed were fractal agglomerates with a mass fractal dimension of D f = 1.8-2.5, whereas under the humidified experiments, D f was ≈2.7 indicating a more compact structure. Similar studies were performed by Burkholder et al. (2004) [23] corroborating the main features seen in the Caltech experiments.
Theoretical Predictions of Iodine Oxide Gas-Phase Processes and Nucleation
From the Caltech experiments, Jimenez et al. proposed a more complex production system following on from Hoffmann et al. and using the current-knowledge from the gas-phase community relating to the gas-phase iodine cycle. The schematic diagram of the pathways leading to aerosol production from photolysis of CH 2 I 2 in the presence of ozone is shown in Fig. 7 . The system involved rapid conversion between iodine reservoirs consisting of I, I [23] were the first to attempt to completely model the iodine system from photolysis, to iodine oxide nucleation and on to aerosol growth. In their studies, they used a kinetic nucleation approach coupled to an aerosol dynamics model. The treatment of OIO nucleation involved use of available thermodynamic data and included both nucleation and evaporation of OIO clusters to achieve consistency with the experimental results. Using their aerosol formation model, Burkholder et al. evaluated the possibility of OIO particle formation in the coastal zone and the open ocean through comparisons of measurements of both IO and OIO concentrations in oceanic regions. The IO measurements were undertaken at Mace Head and Tenerife where peak measured values ranged from 2 to 5 ppt, [17, 24] whereas the OIO measurements taken by Allen et al. (2001) were the order of 0.5 ppt. The simulations concluded that steady state concentrations of 10 ppt OIO would lead to a particle concentration of 10 6 cm 3 after 10-20 minutes, while concentrations of the order of 50-100 ppt IO would be required to produce significant particles. These concentrations are significantly higher than the reported observations of both IO and OIO. It should, however, be noted that IO and OIO measurements at Mace Head were conducted using long-path differential optical absorption spectroscopy (DOAS) measurements and thus, spanned a horizontal distance of 15 km. Given that the tidal regions are only a fraction of a kilometre, both IO and OIO concentrations could easily reach an order of magnitude higher that reported by the DOAS measurements and they concluded that iodine oxide particle production could be feasible in local 'hot spots' where elevated concentrations of CH 2 I 2 could drive the system.
Closing the Loop on Iodine Oxide Particle Formation
All the above studies point to iodine being involved in the coastal new particle production process and, in particular, as the main ingredient over and above any other species, including sulphuric acid or condensable organics. However, none of the studies have been able to fully underpin the processes with CH 2 I 2 as the primary precursor. The lack of closure had implications, not only for the aerosol formation processes, but also for the ozone depletion process, which is regarded as significant in terms of gas-phase chemistry. [25] conducted chamber experiments on the aerosol formation potential of macroalgae at Mace Head and found that the resulting particles had a similar mass spectra (Fig. 10) to that observed to those produced in the Caltech chamber by CH 2 I 2 and also to that produced in the lab by I 2 . They and Saiz-Lopez et al. (2004, 2005) [26, 27] also reported very high concentrations of I 2 of the order of 20 ppt during the day time and increasing to >80 ppt at night. OIO concentrations were also measured and reported at 3 ppt levels. Given the lifetime of OIO, concentrations of 3 ppt suggest a very large source rate of OIO, which could be accounted for by the elevated I 2 concentrations. McFiggans et al. [25] also reported the measured molecular iodine photolysis rate at Mace Head and found that the iodine flux from molecular iodine was three orders of magnitude larger that the flux from CH 2 I 2 (see Fig. 8 ). Thus, it seems that molecular iodine Number of day could be the missing additional source of condensable iodine vapours necessary to explain coastal new particle production.
McFiggans et al. (2004)
The most recent studies on coastal new particle formation events again occurred at Mace Head during the QUEST-BIOFLUX and the NAMBLEX experiments. During BIOFLUX, the main aim was to further explore the potential relationship between molecular iodine and new particle formation. BIOFLUX focused on Mace Head and regions around Mace Head, which were regarded to be biological hot spots and where the algae biomass was significantly greater than at the Mace Head station. Further, in these nearby hot spots, strong nucleation events were observed from aircraft while simultaneously only very week or non-existent events were seen at Mace Head (C. D. O'Dowd, Y. J. Yoon, W. Junkerman, P. P. Aalto, H. Lihavainen, unpublished data). BIOFLUX also focused on chamber experiments of new particle formation events using realistic biomass loadings. The experimental set up and main findings during BIOFLUX are reported in detail in . [28] The chamber experiments were carried out in a 2 m 3 Perspex reactor with 50% UV transmission. Ambient air was scrubbed of background aerosol and was allowed to flow through the chamber and the natural solar radiation was used for photolysis. Background levels of ozone were of the order of 40 ppb. During the chamber experiments, massive nucleation and growth bursts were observed with peak particle concentrations exceeding 2 × 10 7 cm −3 . A typical series of nucleation pulses is shown in Fig. 9 . The chamber experiments were modified (by increasing the flow-through of air) to produce pseudo-steady-state aerosol fields in order to remove the evolution of the size distribution as seen in Fig. 9 . For the steady-state chamber experiments, particle concentration and molecular iodine concentration measurements were made for a range of seaweed mass loadings ranging from 2.5 to 27 kg m −2 . A linear correlation was found between molecule iodine concentrations and biomass and between particle concentration and molecular iodine concentrations. These results provided the first direct correlation between new particle production and molecular iodine emissions. The relationship between iodine, seaweed mass and particle concentration is shown in Fig. 10 . Seaweed mass loadings of 5 kg m −2 would be considered typical of regions around Mace Head. Molecular iodine concentrations ranged from 120 to >400 ppt for the experiments, whereas particle concentration ranged from 1 × 10 6 cm −3 to 2 × 10 7 cm −3 . From the chamber experiments, the flux of particles in the size 2-2.4 nm was of the order of 1.5 × 10 10 m 2 s −1 for a seaweed loading of 2.5 kg m −2 . For these conditions, aerosol growth rates were calculated to be 1.2 nm min −1 . The flux values derived from the chamber experiments are in excellent agreement from direct measurements of new particle flux using eddycovariance techniques. [29] The direct measurements report fluxes of the order of 10 9 -10 10 m 2 s −1 . The chamber reactions were simulated with an updated version of the AEROFOR nucleation and dynamics model. [30] The model was updated to include the current state-of-the art in iodine gas-phase chemistry and included dimer nucleation of iodine oxides, ternary nucleation of stable sulphate clusters and fractal coagulation. The model was able to predict well the chamber experiments using known reaction schemes and confirmed that I 2 emissions were the dominant driver of these nucleation events. The model used a derived range of I 2 fluxes from 5 × 10 8 cm −3 s −1 to 1.5 × 10 9 cm −3 s −1 . The calculations showed that for the lower I 2 flux, I 2 reached a steady state concentration of 4 × 10 9 cm −3 and for the higher flux, a concentration of 1.2 × 10 10 cm −3 , which were in very close agreement with the observations. The corresponding IO and OIO concentrations ranged from 2.8 × 10 9 cm −3 to 4.6 × 10 9 cm −3 and 4.9 × 10 8 cm −3 to 9.2 × 10 8 cm −3 respectively. The modelled growth rate was in the range of 1.2-3.6 nm min −1 , again in agreement with the observations. Using condensable iodine vapours as the only condensable species, the model was able to predict most the main features of the chamber experiments; however, it slightly over-predicted the particle concentration in the size range of 3-10 nm and under-predicted the concentration in the size 20-30 nm. In an attempt to better predict the observations, a condensable organic vapour source rate ranging from 9 × 10 6 cm −3 to 3 × 10 7 cm −3 was included and better agreement was observed. The results for these simulations are shown in Fig. 11 . Molecular iodine concentrations were also measured at Mace Head and the hot spots nearby. [28] Typical concentrations were of the order of 30 ppt at Mace Head and 110 ppt at the hot spots. Peak concentrations in the chamber reached ∼800 ppt. Saiz-Lopez et al. (2005) [27] also measured I 2 concentrations and found a peak concentration at Mace Head of 94 ppt, whereas IO and OIO concentrations were of the order of 47 ppt of 1.5 ppt respectively. Saiz-Lopez et al. [27] also used an aerosol and chemistry box model to simulate the Mace Head events and they also found good agreement with the observed aerosol measurements and the authors confirm that I 2 is the major precursor of the observed particle bursts at Mace Head. The model also showed that that the iodide oxide nanoparticles can grow to make an important contribution, at least on the regional scale, to CCN. So far, the measurements have focused on coastal events and chamber experiments. With respect to new particle formation over the open ocean, there has only been one modelling study in terms of iodine oxide contributions to particle formation. [31] In their study, they modelled ternary nucleation of sulphuric acid, ammonia and water, based on the DMS cycle, and concluded that this system on its own could not produce new particles even though nucleation was readily predicted. They then examined the effect of additional condensable iodine vapours and found that the condensable iodine vapours could carry the sulphate clusters over a coagulation loss barrier and that estimated open ocean iodine vapours sources could increase the survival probability of freshly nucleated clusters by more than 100 times, thus making these more likely to eventually contribute for cloud condensation nuclei formation. In this situation, without condensable iodine vapours, the newly formed clusters will coagulate to the pre-existing aerosol size distribution and thus will be removed from the system. As the cluster size increases, its coagulation loss rate decreases as 1/d 2 and thus has a higher probability of survival. Without the condensable iodine vapours, none of the clusters will grow to detectable sizes of 3 nm before they are captured by coagulation, whereas with the additional condensable vapours, a significant fraction grow rapidly enough to overcome this coagulation loss and reach pseudo-stable aerosol sizes.
The simulations of particle production over the open ocean are shown in Fig. 12 . The issue of iodine oxide and new particle formation over the ocean, and possible processes leading to such production, has been the subject of debate recently [32, 33] and clearly, further work is required to elucidate the role of iodine oxides in producing new particles over the open ocean. Aspects of this debate are highlighted in the following section outlining future research needs.
Future research needs
Although numerous studies about the release of reactive organic iodocarbons (e.g. CH 2 I 2 , CH 2 ClI, CH 2 BrI, CHBr 2 I) from marine biota into the atmosphere have been performed (see e.g. Laturnus 2001; [34] Carpenter 2003 [35] ), many open questions remain. One is connected with the release of iodocarbons from phytoplankton. Their oceanwide distribution could make a much larger contribution to ocean-atmosphere fluxes than macroalgal species. Up to now, research on the open ocean iodocarbon source has focused on laboratory studies with a few selected phytoplankton species. [36] Likewise, most of the work concentrated on active microalgal biomass with only a few isolated studies considering alternative sources such as bacteria [37, 38] or photochemistry. Certainly, more knowledge is needed here to enable better predictions how much organoiodine is emitted to the atmosphere. In fact, vertical concentration profiles measurements of chlorophyll A and selected iodocarbons (e.g. CH 2 I 2 , CH 2 ClI) in open seawater indicate the formation of these compounds by phytoplanktonic processes, [39] although rapid photolysis of CH 2 I 2 in the surface water has to be taken into account. [40] However, the magnitude of the sea-air flux of these compounds is not quantified yet. Other investigations of mixed marine microbial communities indicated that their productivity in respect to organoiodine production is much higher than that of algae monocultures typically investigated in previous studies. [41] Both observations suggest potentially significant sources of reactive organic iodocarbons also in the open ocean.
Much less is known about the release mechanism of other volatile iodine compounds, such as elemental iodine (I 2 ). Whether the pathway of elemental iodine release into the atmosphere is exclusively and directly connected with biological processes (i.e. linked to the occurrence of marine biota) or also represents an abiotic process at the air-sea interface is currently not known. McFiggans et al. [25] suggested that the coastal appearance of I 2 is related to air-exposed macroalgae that suffer oxidative stress and releases iodine by a haloperoxidase-mediated oxidation:
Obviously, this release mechanism would be restricted to the costal atmosphere. Another biogenic formation pathway for molecular iodine which might also play a role in the open ocean are iodide-oxidizing bacteria, as observed by Amachi et al. in iodide-enriched seawater samples. [42] Beside biological processes, there are other possibilities for the release of iodine from the sea surface. One might be the direct photochemical oxidation of iodide at the sea-air interface suggested by Miyake and Tsunogai already in 1963: [43] 2 I − + 0.5 O 2 + H 2 O + hν → I 2 ↑ + 2 OH − Although these kind of iodine volatilization reactions have been intensively investigated for the evaluation of potential nuclear reactor accidents, [44] the relevance and chemical mechanism of such a photochemically induced iodine release from sea surface iodide oxidation under ambient conditions is unclear. Possibly, radical initiated liquid phase reactions of I − , based on mechanisms similar to the Cl 2 formation from aqueous NaCl particles, [45, 46] have to be taken into account. Another potential source of elemental iodine is the oxidation of seawater iodide by ozone followed by the release of I 2 into the gas phase: [47] 2
Evidently this iodine release mechanism is directly connected to the dry deposition of ozone to the sea surface. However, since most of the studies mentioned above were laboratory investigations, the extrapolation of their results to the ocean surface is problematic without further fieldwork. Likewise, even if seawater iodide is oxidized to molecular iodine, the rapid reaction of I 2 with organic matter in seawater requires that the production must take place in the air-water interface for volatilization of I 2 to occur. Nevertheless, since molecular dynamics simulations for the series of halide ions have shown that there is a trend to increasing availability at the interface for larger, more polarizable ions such as iodide, the concentration of iodide ions are enhanced at the air-water interface relative to the bulk. [48, 49] Thus, iodide may be preferentially located at the interface and the I 2 volatilization therefore preferred relative to its liquid phase reactions. Obviously, these processes might occur not only in the open ocean surface layer, but also at the surface of sea-salt particles, [50] although the iodine enrichment in atmospheric aerosol represents evidence against the latter assumption. It remains to be investigated what impact this has on the chemistry and photochemistry of iodine species. Not only the source strength and the release mechanism of reactive iodine into the atmosphere are not sufficiently known, but also the nature of the chemical species finally nucleating. As mentioned above, the first suggestions were based on the OIO self reaction. However, several other iodine oxides and oxy-iodine acids might be involved. Although several studies focused on the investigation of new particle formation from reactive iodine precursors, [22, 23, 51] the detailed mechanism leading to the formation of iodine oxide nanoparticles is still an open question. To change this situation both is needed, a better understanding of the gas phase chemistry of IO and OIO leading to higher oxidized or larger molecules and the knowledge of the composition of the newly formed particle phase.
Beside the understanding of the underlying chemistry, one of the most important aspects about particle formation processes in the coastal or marine atmosphere is the question about their influence on the CCN number concentration. Up to now, most of the studies have been performed in Mace Head, Ireland. Therefore, measurements in other coastal environments are needed to estimate how widespread coastal particle sources are. At the same time, more observational evidences for the connection between particle formation and iodine-containing aerosol precursor concentrations at these sites are necessary. Finally, both natural coastal contributions to CCN and open ocean iodine sources that contribute to particle growth to CCN sizes have to be quantitatively understood.
The large enrichment of iodine in the fine aerosol fraction in comparison to the iodine fraction in seawater is long been known. [52] Unfortunately, most of the existing measurements of iodine compounds in marine aerosol are based on bulk measurement of total iodine, i.e. the individual chemical iodine species that contribute to particulate iodine and that might give insight into the aerosol formation pathways have rarely been measured (e.g. differentiation between I − , IO − 3 , I x O y ). One reason for this is the fact that the measurement of individual iodine species is still an analytical challenge, especially at the relatively low natural concentration levels. Recently, Baker measured inorganic soluble iodine species (i.e. I − , IO 3 ) in size-fractionated aerosol samples collected from the tropical Atlantic Ocean. [53] Surprisingly, he found high concentrations if iodide and often relatively low concentrations of iodate, which was believed to be the opposite due to iodide recycling reactions (I − + HOX + H + → IX↑ + H 2 O) and accumulation of iodate in aerosol particles as it ages. [54, 55] Consequently, these results raise serious questions about the current understanding of aerosol iodine chemistry. Clearly, more measurements of the individual iodine species in submicron particles in the marine boundary layer are required, ideally also including the measurement of higher iodine oxides. This kind of information might also be useful for the interpretation of chamber-based laboratory studies, where in the past the focus laid on the investigation of the gas-phase composition. Possibly, the development and application of new analytical techniques, such the rapidly developing field of aerosol mass spectrometry, will also give new insight into the chemical processes leading to biogenic particles in the marine atmosphere.
